We have studied the morphology of a novel series of benzimidazole-based ionenes, methylated poly(hexamethyl-p-terphenyl benzimidazolium) (HMT-PMBI), in halide form. Materials with anion-exchange capacities ranging from 0 2.5 mequiv/g were studied. X-ray scattering reveals three length scales in the materials: ion-polymer spacing (4 Å), polymer-polymer interchain spacing (6 Å), and an intrachain repeat distance (20 Å). No long-range structure is apparent above the monomer length, which is rare in ion-conducting polymer membranes. In preliminary molecular dynamics simulations, water molecules were observed forming chains between ions, even at a modest level of hydration, providing an inter-penetrating network where conductivity can occur.
6 However, challenges to widespread adoption of AEMs for these technologies include poor stability of polymeric materials in basic media 7 and comparatively poor ion conductivity due to the low diusion coecient of the hydroxide ion and its carbonation when exposed to air. The past ve years have shown signicant increases in reported AEMFC peak power and current densities; however, membrane stability remains a signicant concern.
8 To address this concern, numerous cationic moieties have been investigated for hydroxide stability, including guanidinium, This work focuses on a material that is based on a sterically-protected benzimidazolium-based cation, methylated poly(hexamethyl-p-terphenyl benzimidazolium) (HMT-PMBI). This material has a tunable ion-exchange capacity and has been proven to possess ion conductivity and exceptional hydroxide stability.
16,17 HMT-PMBI has been demonstrated in both fuel
cells and water electrolyzers.
17 In fuel-cell testing, HMT-PMBI cells exhibited exceptional stability leading to longer lifetimes. HMT-PMBI falls under a class of polymers known as ionenes for which the cation is an integral feature of the polymer backbone. In the case of HMT-PMBI, the stability of the cation is provided via steric protection by methyl groups;
18 however no investigations of the morphology or conduction mechanisms for HMT-PMBI or similar polymers have been reported to date.
An understanding of polymer morphology is an important component in the design of improved materials for polymer-electrolyte membranes.
19 Ion conduction involves the diusion of ions through water-rich domains and depends both on charge content of the hydrophilic domains and on their interconnectivity. The morphology also impacts chemical and mechanical stabilities.
In this paper, we report a detailed analysis of the morphology of HMT-PMBI. We performed small-and wide-angle X-ray scattering (SAXS and WAXS) on two halide forms of HMT-PMBI, HMT-PMBI(I ) and HMT-PMBI(Cl ), in various conditions: in vacuum, in ambient conditions, after soaking in water, and after stretching. We also performed density functional theory calculations and preliminary molecular dynamics calculations to aid interpretation of our results.
Materials and methods
HMT-PMBI is a polymer composed of up to three submolecular units, x, y, and z, with each unit contributing either +0, +1, or +2 to the total charge of the backbone; the chemical structures are shown in Figs. 1 (a), (b), and (c), respectively. The cationic benzimidazolium units are separated by a series of neutral aromatic rings to reduce the material's solubility.
The ion-exchange capacity (charge content along the backbone) is determined by the relative ratio of x, y, and z units, which in turn is determined by the degree of methylation (dm). The samples consisted of polymer lms that were cast from dimethyl sulfoxide (DMSO) solutions formed by dissolving 0.20 g of polymer in 12 mL of hot DMSO. The resulting solutions were ltered into clean, at Petri dishes and allowed to dry at 86
• C for 48 hr in air. The resulting transparent, brown lms were removed by addition of water, which allowed lms to be peeled o of the glass. They were then transferred into deionized water for at least 48 hours. The nal lms were approximately 50 µm thick. The lms were cast in iodide form. Some of the lms were treated with potassium chloride or potassium hydroxide to exchange the iodide for chloride or hydroxide.
Samples resulting from casting of HMT-PMBI with four dierent degrees of methylation (dm) of the N sites of the submolecular units were investigated in this study. Samples were measured in the original iodide form, or after exchanging the iodide for chloride. The degree of methylation of the polymers ranged from 65.9 to 97.5% dm; a sample with a degree of methylation of 50%, is entirely uncharged and contains only (a) units. Samples were measured in vacuum, in ambient conditions, and after hydration. Samples measured in vacuum were axed to a sample holder with double-sided tape and allowed to equilibrate within the evacuated instrument chamber for one hour. Samples measured in ambient conditions were placed inside a paste cell consisting of an O-ring spacer and mica windows, which isolated the sample from vacuum. Hydrated samples were submerged in water for one hour, following which excess water was removed from the lms by dabbing with tissue paper before they were placed in a paste cell. The stretched sample was prepared by drawing a lm at room temperature and ambient humidity until it broke at an extension ratio of approximately 2. Portions of the stretched sample from near the tear point were measured in vacuum.
A tting function (Eq. S1) consisting of up to three pseudo-Voigt functions, a power law, and a q-independent background was t to the data. The pseudo-Voigt function provides a exible peak shape suitable for both crystalline and non-crystalline structure. The power law accounts for larger scale inhomogeneities in the sample. The measurement of wet 97.5%
dm HMT-PMBI(Cl − ) showed a mid-q feature. This was t to the Correlation Length Model (Eq. S2). Further details of analysis methods can be found in the Supporting Information.
We assume that each visible peak corresponds to a single length scale in the material given
where q i is the peak position, as recommended for scattering from amorphous polymers.
20
Density functional theory (DFT) calculations were used to provide insight into the shape and electronic structure of the molecules. DFT calculations were performed using the Gaussian 21 quantum chemistry program, the B3LYP functional 22 and the def2-TZVP basis set. 23 Figure 2 shows the results of a geometry optimization of a cationic 100% dm HMT-PMBI tetramer at the B3LYP/def2-TZVP level of theory. Figure 2a shows the optimal nuclei positions; the molecule is highly extended, as it carries a net charge of +8 and is in vacuum.
The methylated, neutral aromatic rings are rotated approximately 80
• out-of-plane relative to their corresponding cationic benzimidazolium units. This orientation sterically protects the most vulnerable carbon atom, the C2 carbon, which is located at the apex of the benzimidazole unit. This is in general agreement with calculations and measurements performed on small molecule analogues 18 and is believed to greatly contribute to the stability of the hydroxide form of HMT-PMBI. In analysis of methylated m-PBI and ether-linked PBI, the C2 carbon was found to be vulnerable to hydroxide attack. Because Peak 1 becomes stronger in the equatorial direction after stretching, we associate it with a backbone-backbone correlation length. As the lm is stretched, the molecules become straighter and more parallel, enhancing the scattering in the direction perpendicular to the stretching direction. 
31
We associate Peak 2 with the ion-backbone and water-backbone spacings because the intensity of Peak 2 is strongly correlated with both the degree of methylation and the water content of the material. Peak 2 dramatically increases in intensity and shifts to lower q when samples with greater degrees of methylation are hydrated, reecting their large water uptake.
In the stretched material, the MAXS peak, Peak 0, is not visible in the equatorial sec- We postulate that the eect of increased constraints results in a decreased monomer-monomer length and the decreased exibility and additional charge allows for slightly better packing.
While the amplitude of Peak 2 (attributed to ion/water-backbone scattering) increases signicantly with methylation, d 2 is independent of methylation. The measurement of wet 97.5% dm HMT-PMBI(Cl ) shows a mid-q shoulder (Fig. 4d ).
To associate a length scale with this feature, we t the Correlation Length Model, Eq. S2
to this region of the data resulting in a correlation length of 4.3 ± 0.3 Å. This feature is not present in any of the other samples, or this sample at lower levels of hydration. This sample contains substantially more water than the others (Table 1 ); this appears to be the rst indication of larger water-rich regions.
To conrm our interpretation of the scattering results, we performed molecular dynamics simulations using the NAnonscale Molecular Dynamics (NAMD) package for a fullymethylated sample consisting of 25 tetramers. We compared results for 6 and 18 water molecules per monomer. Three water molecules per iodide ion (λ = 3) was chosen to represent material in ambient conditions, while 9 water molecules per iodide (λ = 9) was selected to represent the fully hydrated membrane. The equilibrated cell for λ = 3 had a density of 1.37 g/ml, while the cell for λ = 9 had a density of 1.35 g/ml, similar to the approximately 1.3 g/ml density of pristine PBI.
The results of our molecular dynamics simulation are shown in Figure 7 . Figures 7(a) and (b) show the cell at the conclusion of the simulation; Fig. 7(a) shows results for a cell 
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In that research, ionenes were found to readily form percolating networks while pendant ionomers tended to be characterized by the presence of ionic aggregates. The ability of the polymer to form a network of hydrophilic pores is an important feature of the conductivity of these materials, which is higher than expected for a truly random polymer system. A polymer such as HMT-PMBI that becomes glassy during solution casting will not necessarily collapse to the optimal packing, and some space will be left behind, as is reported in polyimide materials.
Conclusions
We have investigated the morphology of a novel series of anion-conducting polymers, HMT-PMBI, with degrees of methylation ranging from 65.9% to 97.5%. Our studies included X-ray and neutron scattering, supplemented by gas-phase density functional theory calculations for the series and molecular dynamics simulations of a twenty-ve tetramer cell for the fully-methylated form. Length scales associated with the intramolecular monomer-monomer spacing, backbone-backbone, and ion-backbone spacings were identied in the scattering data, and were consistent with simulation results. This represents the rst structural investigation of these promising materials.
The small peak at mid-scattering angles, labeled Peak 0, has been assigned to an in- The eect of stretching the polymer is analogous to combing: it is expected that the chains would be straightened and preferably oriented in the direction parallel to the stretching.
We have assigned the WAXS peaks to angstrom-scale correlations between adjacent polymer chains, ions, and water molecules. We conclude that the highest-q peak (Peak 2) corresponds to correlation between the backbones, halogens, and water. This is supported by a number of factors, the most obvious being that it increases in strength with IEC, and both increases in strength and shifts to lower q when the material is hydrated. A similar length scale is shown in the molecular dynamics simulation, where the iodide-oxygen and oxygen-oxygen spacings are shown to be shorter than the iodide-carbon length scale. We have assigned the rst WAXS peak (Peak 1) to both packing between backbone atoms in adjacent chains, and correlation between ion-water channels. These features are visible at the ∼ 6 Å length scale in the simulation, and it is common in the literature to assign the rst clear WAXS peak to interchain stacking in polymers.
31 Furthermore, it strengthens relative to the higher-q peak as the degree of methylation is lowered. This interpretation is also strengthened by the eect of stretching on the WAXS prole; the peak shifted to lower q in the stretched material and sharpened in the equatorial direction.
Samples containing a moderate amount of water (<40%) showed no other features in their scattering proles. When fully hydrated, the 97.5% dm HMT-PMBI(Cl ) showed structure corresponding to a correlation length of 4.3 Å. These results show that, even when hydrated, these materials contain no phase separation or water clustering on length scales greater than six angstroms and no characteristic length scales at all above the monomer length. This is uncommon among high-performance fuel cell membranes. MD simulations indicate that the water and ions in the membrane form an inter-penetrating network where conductivity can occur.
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